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Introduction
All-ceramic fixed dental prostheses (FDPs) are considered an established treatment alternative to metal-ceramic FDPs in daily clinical practice. The main reason to use of the allceramics instead of metal-ceramics is based on more favorable esthetics [3] . All-ceramic materials mimic very naturally the optical properties of teeth. Another more recent factor influencing the choice of materials and leading to an increasing use of all-ceramics is treatment costs, mostly due to the pronounced raise of the costs for high precious metals like gold [4] . The main shortcoming of the firstly introduced ceramics like, e.g. feldspathic glass ceramic, yet, was low mechanical stability, which limited the indications for all-ceramic reconstructions to anterior regions and to single-unit FDPs [1] . In the past years, numerous new dental ceramic materials were developed with the aim to increase the overall stability of the all-ceramic reconstructions, while still maintaining the esthetic benefit. Among those materials, leucite or lithiumdisilicate leucit or lithium-disilicate reinforced glass ceramics and oxide ceramics such as alumina and zirconia appeared to be very promising for different indications. Reconstructions made of these more recently developed ceramics were placed at posterior sites and even included multiple-unit FDPs [5] .
Subsequently performed clinical studies confirmed the assumption that these mechanically more stable ceramic materials would perform better than the firstly developed ones when used for tooth-borne FDPs. The clinical outcomes of the more recent ceramics were far better than the ones of the first generation of dental ceramics [1, 2] .
A systematic review of the literature demonstrated significantly higher survival rates of SCs, e.g. made out of leucit or lithium-disilicate reinforced glass ceramics compared to SCs made out of feldspathic ceramics (95.4% vs. 87.5%). Tooth-borne SCs made out of densely sintered alumina exhibited the highest survival rates (96.4%) compared to all other all-ceramic SCs. Furthermore, all-ceramic crowns exhibited similar survival rates as metal-ceramic crowns (93.3% vs. 95.6%) [1] . In conclusion, improvements in terms of material properties such as mechanical stability of the ceramics had a positive effect on the clinical outcomes of all-ceramic reconstructions.
The clinical follow-up of the studies on all-ceramic FDPs, however, was rather short. At time of the above-mentioned systematic review a limited amount of studies was available, most of the published studies did not exceed 5 years of clinical follow-up. In order to be able to draw clinical conclusions with respect to the outcomes of all-ceramic reconstructions, more clinical research with longer observation periods was needed. In addition, the available clinical research indicated that despite of all material improvements catastrophic fractures remained to be one major issue of all-ceramic reconstructions. In addition, this problem was more often found in the posterior region, or for multiple-unit FDPs where high load occurred [1] .
Hence, until recently, it was not possible to recommend allceramic single or multiple-unit FDPs as clinically equivalent treatment alternative to metal ceramic FDPs. Metal-ceramics remained to be the "gold standard" type of reconstruction. Yet, a high number of new manuscripts of all-ceramic and metalceramic single-and multiple-unit FDPs was published since the previously mentioned systematic review. The more recent studies either reported on the all-ceramic or metal-ceramic FDPs analyzed before but with longer observation periods, or on new all-ceramic FDPs made out of improved ceramic materials.
Therefore, the aim of the present systematic review was to analyze the outcomes of all-ceramic and metal-ceramic FDPs, i.e. of single crowns and of multiple-unit FDPs, and to assess whether or not all-ceramic FDPs achieve similar long-term results as FDPs made out of metal-ceramics.
The objectives of this systematic review, therefore, were:
(1) To update the previous systematic review [1] on toothsupported FDPs with an additional literature search including retrospective and prospective studies from 2007 to 2013. (2) To obtain overall robust estimates of the long-term survival and complication rates of all-ceramic crowns over an observation period of at least 3 years. (3) To compare the survival and complication rates of allceramic crowns with the ones of metal-ceramic crowns (gold standard).
The present part 1 of the review presents the outcomes of all-ceramic versus metal-ceramic single crowns. Part 2 of the review analyzed the outcomes of the multiple-unit FDPs.
2.
Materials and methods
Search strategy and study selection
The present review followed the same search methodology as the previous one [1] .
Focused questions
"What are the survival and complication rates of toothsupported FDPs after a mean observation period of at least 3 years?" "Are the survival and complications rates of metalceramic and all-ceramic tooth-supported FDPs similar after a mean observation period of at least 3 years?" The combination in the builder was set as "P & I AND C AND O".
The electronic search was complemented by manual searches of the bibliographies of all full text articles and related reviews, selected from the electronic search. The search was independently performed by two researches (IS and NAM). Any disagreement was resolved in consensus between the authors.
Up to the level of data extraction, the literature was evaluated for both single crowns and multiple-unit FDPs at the same time. At full text level the manuscripts were split according to the reconstruction type.
Inclusion criteria
Besides the mentioned RCTs, this systematic review was based on prospective or retrospective cohort studies, or case series. The additional inclusion criteria for study selection were:
• Studies with a minimum mean follow-up period of 3 years.
• Included patients had been examined clinically at the follow-up visits, i.e. publications based on patient records only, on questionnaires or interviews were excluded.
• Studies reported details on the characteristics of the reconstructions, on materials and methods and on the results.
• Studies had to include and follow-up at least 10 patients.
• Publications which combined findings of tooth and implant supported reconstructions where at least 90% was tooth supported reconstructions.
The final selection based on inclusion/exclusion criteria was made for the full text articles. For this purpose Sections 2-4 of these studies were screened. This step was again carried out by two readers (IS, NAM) and double-checked. Any questions that came up during the screening were discussed to aim for consensus.
Exclusion criteria
The following study types were excluded:
• in vitro or animal studies;
• studies with less than 3 years of follow-up; and • studies based on chart reviews or interviews.
Selection of studies
Titles and abstracts of the searches were independently screened by two reviewers (IS & NAM) for possible inclusion in the review. Furthermore, the full text of all studies of possible relevance was then obtained and split into literature on single crowns (part 1 of the review) and literature on multiple-unit FDPs (part 2 of the review). The literature on single crowns was independently assessed by three of the reviewers (IS, BEP & NAM). Any disagreement regarding inclusion was resolved by discussion. 
Data extraction

Statistical analysis
For the statistical analysis the new data of the present review, encompassing the 33 studies was combined with the previous data of the 34 studies published in Pjetursson et al., 2007 . Hence, the data included in the present analysis was published from 1990 until the end of 2013.
Survival was defined as the FDP remaining in situ with or without modification for the observation period.
Failure and complication rates were calculated by dividing the number of events (failures or complications) in the numerator by the total FDP exposure time in the denominator.
The numerator could usually be extracted directly from the publication. The total exposure time was calculated by taking the sum of:
(1) Exposure time of FDPs that could be followed for the whole observation time. FDPs that did not complete the observation period due to reasons such as death, change of address, refusal to participate, non-response, chronic illnesses, missed appointments and work commitments.
For each study, event rates for the FDPs were calculated by dividing the total number of events by the total FDP exposure time in years. For further analysis, the total number of events was considered to be Poisson distributed for a given sum of FDP exposure years and Poisson regression with a logarithmic link-function and total exposure time per study as an offset variable were used [6] .
Robust standard errors were calculated to obtain 95% confidence intervals of the summary estimates of the event rates. To assess heterogeneity of the study specific event rates, the Spearman goodness-of-fit statistics and associated p-value were calculated. If the goodness-of-fit p-value was below 0.05 five year survival proportions were calculated via the relationship between event rate and survival function S, S(T) = exp(−T * event rate), by assuming constant event rates [7] . The 95% confidence intervals for the survival proportions were calculated by using the 95% confidence limits of the event rates. Multivariable Poisson regression was used to formally compare construction subtypes and to assess other study characteristics. All analyses were performed using Stata ® , version 13.1. 
Results
From this extensive new search, one randomized controlled clinical trial (RCT) was available comparing all-ceramic single crowns with conventional metal-ceramic crowns [8] . This RCT compared zirconia-based SCs with metal-ceramic SCs [8] . No further RCT comparing all-ceramic and metal-ceramic crowns was available. However, one RCT compared crowns made of feldspathic ceramic and glass-infiltrated alumina [9] . Finally, one RCT compared two types of metal-ceramic crowns [10] . Fig. 1 describes the process of identifying the 71 full text articles selected from an initial yield of 580 titles that were found published in the period from the 1st of December 2006 to the 31st of December 2013.
From these, 41 full text articles were allocated to the "single crown" group, whereas 37 were allocated to the group reporting on "multiple-unit FDPs".
3.1.
Study characteristics
Included studies
The final number of the new studies included in the analyses resulted as 33 studies. Information on the survival proportions of the single crowns was extracted from these included 33 studies. In addition, the data from 34 publications from the previous systematic review [1] was included in the analyses. (Tables 1 and 2) .
Out of these studies, four were designed as RCTs. However, only one RCT compared all-ceramic (zirconia-based) and metal-ceramic crowns. All other RCTs compared either two different types of all-ceramics or of metal-ceramics, or allceramic and resin-based single crowns.
Furthermore, 14 "new" studies were reporting on metal-ceramic crowns, four on crowns made out of feldspathic/silica-based ceramics (jacket crowns, 3G OPC, Noritake feldspathic, Dicor), six on reinforced glass-ceramic crowns (one study on Empress 1 [11] , the remaining on Empress 2 or E.max), three on glass-infiltrated alumina crowns (InCeram), three on densely sintered alumina crowns (Procera) and, finally, eight on densely sintered zirconia crowns (various CAD/CAM manufacturing procedures) ( Table 1) .
The studies included patients between the age of 17 and 81. The proportion of patients who could not be followed for the complete study period was available for 27 studies and ranged from 0% to 66% (Tables 1 and 2 ). 
Excluded studies
Final number of studies included 33
Furth er ha nd se arching 0 studies
Total full te xt articles for the "multiple-unit fixed dental prosthesis" review 37
(number includes also s tudies repor ting on crowns and brid ges a t the same time )
Exclusion of 8 studies information on crown material and did not report on the details of the outcomes. In one study (Silva et al., 2011 ) the reported data was not specified between implant and tooth abutments, single crowns and bridges. The last study (Burke et al., 2009 ) was based on a chart review and, therefore, was excluded.
Crown survival
Overall, in the 17 studies reporting on metal-ceramic crowns with a mean follow-up of 7.3 years an estimated annual failure rate of 0.88 was reported, translated into an estimated 5-year survival of metal-ceramic crowns of 95.7%. In comparison, allceramic crowns had an annual failure rate ranging between 0.69 and 1.96, translating into overall estimated 5-year survival rates ranging between 90.7% and 96.6%. This was based on 55 studies on all-ceramic crowns included in the analysis (Table 3 ).
The survival rates of all-ceramic crowns differed for the various types of ceramics. Ten studies reported on the first types of feldspathic/silica based ceramics and rendered an estimated 5-year survival rate of 90.7%. This survival rate was significantly lower than the one reported for the goldstandard, metal-ceramic crowns (Tables 3 and 4) .
The 12 studies reporting on leucit or lithium-disilicate reinforced glass ceramics showed an estimated 5-year survival rate of 96.6%, which was similar to the survival rate of metalceramic crowns. The same applied for crowns made out of glass-infiltrated alumina (15 studies with an estimated 5-year survival of 94.6%) and out of densely sintered alumina (eight studies with an estimated 5-year survival of 96.0%) (Tables 3 and 4, Figs. 2-7) .
SCs made out of zirconia had a significantly lower estimated 5-year survival rate compared to metal-ceramic crowns (p = 0.05). The zirconia-based crowns reached an estimated 5-year survival rate of 91.2% (Tables 3 and 4, Fig. 7 ).
Anterior vs. posterior regions
When the outcomes of anterior and posterior single crowns were compared no statistically significant differences of the survival rates were found for metal-ceramic crowns, and for leucit or lithium-disilicate reinforced glass ceramic crowns, alumina and zirconia based crowns (p > 0.05).
Crowns made out of feldspathic or silica based ceramics, however, exhibited significantly lower survival rates in the posterior region than in the anterior (87.8% vs. 94.6%, p < 0.0001) ( Table 5 ). Tables 6 and 7 display an overview of the incidences, the estimated annual complication rates and the cumulative complication rates of technical and biological complications for metal-ceramic SCs and the different types of all-ceramic crowns, as well as the statistical differences between the crown types.
Technical and biological complications
Technical complications
Framework fracture, ceramic fracture, ceramic chipping, marginal discoloration, loss of retention and poor esthetics were technical problems reported for single crowns. Ceramic chipping was a common problem, and overall occurred similarly for metal-ceramics and at the allceramic crowns. Furthermore, for metal-ceramic crowns, ceramic chipping was the most frequent technical complication with a cumulative 5-year event rate of 2.6% (95% CI: 1.3-5.2%). For all-ceramic crowns a tendency to more chippings of the veneering ceramic was observed for alumina and zirconia-based SCs than for all other ceramic crowns.
Framework fracture rarely occurred for metal-ceramic crowns (cumulative 5-year complication rate 0.03%; 95% CI 0.002-0.3%) ( Table 7) . Overall, this problem occurred significantly more often for ceramic crowns, irrespective of the type of ceramic used (p < .0001, p = .03) ( Table 6 ). The incidence of framework fracture was associated with the mechanical stability of the ceramic material. Weaker ceramics like early feldspathic/silica based ceramics exhibited a high 5-year framework fracture rate of 6.7% (95% CI 2.4-17.7%). For leucit or lithium-disilicate reinforced glass ceramics framework fractures occurred at a rate of 2.3% (95% CI 1.0-5.5%) of the crowns and for zirconia-based single crowns at a rate of 0.4% only (95% CI 0.1-1.7%).
With the exception of zirconia-based crowns, loss of retention was not a predominant technical problem. Zirconia based crowns exhibited significantly more loss of retention than metal ceramic crowns (estimated 5-year complication rate 4.7%; 95% CI 1.7-13.1%) (p < .0001) ( Tables 6 and 7) . 
Biological complications
Loss of abutment tooth vitality, abutment tooth fracture and secondary caries were the predominantly reported as biologic complications for SCs.
For metal-ceramic crowns loss of abutment tooth vitality was the most frequent biologic complication (5-year complication rate 1.8%; 95% CI 1.6-1.8%). This problem less frequently occurred for leucit or lithium-disilicate reinforced glass ceramic and glass-infiltrated alumina crowns (p = .006, p < .0001).
In addition, abutment tooth fracture was also predominantly found for metal-ceramic crowns (5-year complication rate 1.2%; 95% CI 0.7-2.0%). This complication occurred significantly less frequently for all-ceramics like leucit or lithium disilicate reinforced glass ceramics, glass infiltrated alumina or at zirconia-ceramics (p = .009, p = .04, p = .02). Finally, secondary caries was reported for 1% of metalceramic crowns (95% CI 0.8-1.4%) after 5 years in function. Most all-ceramic crowns exhibited similar 5-year caries rates as metal-ceramic SCs. However, zirconia based crowns had significantly less secondary caries, and glass-infiltrated ceramic crowns had higher caries rates (p = .04, p < .0001) ( Tables 6 and 7 ).
Discussion
The present systematic review showed that the 5-year survival rates of all-ceramic crowns made out of leucit or lithiumdisilicate reinforced glass ceramics or the oxide ceramics alumina and zirconia exhibited similar survival rates as the gold standard, metal ceramic crowns. This was not the case, Fig. 7 -Annual failure rate of densely sintered zirconia ceramic SCs. however, for feldspathic/silica based ceramic SCs. Crowns made out of these rather weak ceramics exhibited significantly higher failure rates compared to metal-ceramic crowns.
The same observation was made when the outcomes of the crowns in anterior and posterior regions were compared. Metal-ceramic crowns and all-ceramic crowns out of leucit or lithium-disilicate reinforced glass ceramics or oxide ceramics performed similarly in anterior and posterior regions. However, weaker feldspathic/silica-based ceramics and glassinfiltrated alumina exhibited significantly lower survival rates in the posterior region than in the anterior.
Technically, catastrophic framework fracture was the main complication of the all-ceramics, this problem was most specifically found when weaker ceramic materials were used [12] . With respect to the non-catastrophic technical complications, chipping of the veneering ceramic was a main clinical issue both found at the metal-ceramic as well as at the allceramic crowns [13] . Another technical problem observed was loss of retention, which was most frequently reported for zirconia-based single crowns [14] .
Biologically, all-ceramic single crowns seemed to perform better than the gold standard, metal-ceramic crowns. Significantly more loss of abutment tooth vitality and abutment tooth fracture was reported for metal-ceramic crowns. These biologic complications might impair the prognosis of the abutment tooth or even lead to its loss and a loss of the reconstruction. In comparison, these complications were rarely reported for the all-ceramic crowns.
At the time the previous systematic review was published by the same authors in 2007, limited scientific data was available in the literature on a number of materials. Still, the review already indicated favorable outcomes of all-ceramic single crowns made out of more recently developed reinforced ceramics and oxide ceramics [1] . The review, furthermore, displayed limitations of mechanically weaker all ceramic crowns. The gold standard metal-ceramics, interestingly, was not well documented [1] .
In the present review, 14 new studies on metal-ceramics were available as well as a high number of new studies evaluating all-ceramic crowns. The results of the present review, hence, may be considered more robust with more impact for the daily clinical practice.
In the present review it was shown that all-ceramic crowns made of leucit or lithium-disilicate reinforced glass ceramics or alumina based oxide ceramics can be recommended as an alternative treatment option to the gold standard metalceramics for SCs in anterior and posterior regions. The less stable feldspathic/silica glass ceramics can only be recommended in the anterior region.
The review also indicated that zirconia based single crowns performed less well in the clinics, despite the enhanced mechanical stability of this oxide ceramic. Failure due to extensive fracture of the veneering ceramic and loss of retention were frequently found technical problems for this type of ceramic crowns, occurring more often than at the other types of all-ceramics. Chipping of the veneering ceramic and loss of retention were technical complications also reported for multiple-unit zirconia based FDPs [15] [16] [17] , occurring significantly more often at the zirconia-based FDPs than at metal-ceramics [18] . The more recent clinical studies showed that despite all developments and efforts for the improvement of the veneering procedures of zirconia frameworks, the problem of chipping of the zirconia veneering ceramic has not been eliminated yet [19, 20] . Consequently, zirconia-based single crowns should not be considered as the primary treatment option for now, and patients need to be thoroughly informed about current limitations.
Another factor influencing the choice of the material for single crowns in daily clinical practice is the biologic outcome of the reconstructions. The present review indicated, that the biological outcomes of all-ceramic crowns were significantly better than the ones of metal-ceramics. Less invasive abutment tooth preparation for the highly esthetic all-ceramic FDPs may be assumed as reason for the observed differences [21, 22] .
Considering the current trend toward less invasive dental rehabilitation, the biological differences between materials may be considered as one of the key decisive factors for the choice of ceramics as reconstructive material for single crowns today [21, 22] . Future research should focus on this topic and also further elucidate the reasons for the biologic differences between all-ceramic and metal-ceramic reconstructions.
Conclusion
All-ceramic single crowns exhibit similar survival rates as metal-ceramic single crowns after a mean observation period of at least 3 years. However, this is solely true for SCs are made out of leucit or lithium-disilicate reinforced glass ceramics or oxide ceramics. Those materials perform similarly well in anterior and posterior regions. Crowns made out of densely sintered zirconia, however, cannot be recommended as primary treatment option, due to an increased risk of chipping of the veneering ceramic and loss of retention. These limitations must first be overcome by further refinements of the production technology. Finally, the mechanically weaker ceramics like the feldspathic or silica glass-ceramics can only be recommended in anterior regions with low functional load.
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